INTRODUCTION
The synthetic preparation of complex metal-oxide semiconductors is a shared and timely challenge within a number of different chemical systems [1] [2] [3] [4] [5] . Towards this broad objective, a diverse set of synthetic techniques has been utilized, such as hydrothermal methods, solid-state methods, and molten-salt synthetic methods [6] [7] [8] [9] [10] . The flux synthesis method is a versatile and advantageous technique for the modification of chemical composition, structure, and particle morphologies and sizes, as highlighted in recent reviews [7, 11] . Reactions within molten-salt fluxes have been shown to yield faster reaction rates at relatively lower temperatures, highlyfaceted particles with more homogeneous particle distributions, and decreased activation barriers for the growth of solid-state compounds with limited thermal stability [12] [13] [14] . Changes in chemical composition and single-crystal particle morphologies of metal-oxides have been found to impact their physical properties, including their optical, electronic and photocatalytic properties. For example, the Na 2 Ta 4 O 11 , AgNbO 3 and PbTiO 3 phases can be prepared in shortened reaction times of down to ~1 hr [9, 15, 16] , resulting in highly-faceted particles that exhibit significantly enhanced photocatalytic rates. In related examples, both Cu 2 Nb 8 O 21 and PbTa 4 O 11 show limited thermal stability [17, 18] , but can be prepared in high purity at lower temperatures using flux synthesis methods.
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In order to target the discovery of new p-type metal-oxide semiconductors, the Maggard research group has investigated new high-purity syntheses within several Cu(I)-M(V) (M = V, Nb, Ta) oxide systems using both solid state and molten-salt flux methods, such as for Cu 3 VO 4 [19] , CuNb 3 O 8 [20] , Cu 2 Nb 8 O 21 [17] , Cu 3 Ta 7 O 19 [21] , and β-Cu 2 Ta 4 O 11 [22, 23] . The use of a CuCl molten salt (melting point ~426 °C) within these systems significantly shortens their reaction times down to ~15-30 min, with nanoparticle reactants rapidly growing to micron-sized single-crystal particles, e.g., as reported for Cu 2 [19, 20, 24] . Flux synthesis of these phases as highly-faceted single-crystal particles has been critical for elucidating the role of the surface CuO nanoparticles.
The Cu 2 Ta 4 O 11 phase was first discovered in very small quantities in a high-resolution electron microscopy investigation of the solid-state products in the Cu 2 O-Ta 2 O 5 system in the temperature range of 700 °C to 1100 °C [25, 26] . More recently, the Cu 2 Ta 4 O 11 phase was prepared in high purity with the use of a CuCl flux and a reaction temperature between 625 °C to 4 700 °C [23] . Its structure has been previously reported to be a member of a family of polysomatic structures with the general composition A m+ (n+1)/m M 3n+1 O (8n+3) (e.g., A = Ag, Na, Cu, Pb, Bi; M = Ta, Nb), that contains single (n = 1), double (n = 2), or a combination (1 < n < 2) of layers of MO 7 polyhedra that alternate with a layer of isolated MO 6 polyhedra [27] [28] [29] .
Interestingly, the Cu 2 Ta 4 O 11 phase was found to undergo a phase transition to a lower-symmetry structure (previously unknown) when stored at room temperature in air for several weeks [23] .
Described herein is the flux synthesis and structural characterization of this low-temperature [33] [34] [35] . Ultimately, the noncentrosymmetric structural model with space group Cc (No. 9) gave the statistically best goodness-of-fit (χ 2 = 2.5) and R-values (wR = 0.096, wR exp = 0.0545). The atomic positions were refined in order of decreasing scattering length, followed by the refinement of isotropic temperature factors (U iso ).
The U iso values were fixed for O atoms, and the peak shape profiles (Gaussian and Lorentzian terms) were refined. Nearest-neighbor interatomic distances are given in Table 2 . Results of the lattice constants refinements as well as a more complete listing of the refined structural and atomic parameters are included in the Supplementary Material (Tables S1 and S2 ).
UV-Vis diffuse reflectance spectra of α-Cu 2 Ta 4 O 11 were collected on a Shimadzu UVVis-NIR Spectrophotometer (UV-3600) equipped with an integrating sphere. A pressed tablet of barium sulfate was used as the reference. The data were plotted as the remission function F(R ∞ )
, where R is the diffuse reflectance based on the Kubelka-Munk theory [36, 37] .
The reflectance data were analyzed in the form of Tauc ver. 4.6) [40] [41] [42] [43] . The band-structure diagram and the densities-of-states calculations were performed using the Perdew-Burke-Ernzerhof functional in the generalized gradient approximation, using the projector augmented wave method. Automatic sampling of the Brillouin-zone was performed using a 2 × 2 × 1 Monkhorst-Pack grid [44] . The Cu deficiencies were modeled as a random distribution of vacancies throughout the unit cell. The band structure calculation followed the standard k-path of special k-points through the Brillouin group for a monoclinic unit cell [45] .
RESULTS AND DISCUSSION
A. The structure of α-Cu 2 Ta 4 O 11 was determined by Rietveld refinements on powder X-ray diffraction data collected at 223 K and 298 K. Both refinements yielded similar monoclinic structures, with the results plotted in Figure 1 for the data collected at 298 K. As shown in Figure 2 , the structure consists of single layers of distorted, edge-shared TaO 7 polyhedra that are bridged via their apical oxygen atoms to interlayer, octahedrally-coordinated Ta and linearlycoordinated Cu atoms. This is generally similar to the structure as found for the rhombohedral β- been reported previously [33] , as illustrated in Figure S4 in [48] . Using bond-valence arguments, the conclusion was that the preferential direction of the cation displacement is influenced by bond network stresses (e.g., asymmetry in the bond network from the nearest neighbors) as well as cation-cation repulsions from near-neighbor cations that share edges or faces. For example, the tendency of V(V) to favor a distorted environment is observed in the ZnV 2 O 6 structure which contains an asymmetrical bond network, leading to the displacement of the V d 0 cations. In the rhombohedral β-Cu 2 Ta 4 O 11 structure, effects from cation-cation repulsion likely cause the nearest neighbor Ta 5d 0 cations within three edge-shared TaO 7 polyhedra to move out of the center of the polyhedra, as shown in Figure 4B . Furthermore, the preferential directions of the out-of-center displacement of the Ta cations are towards the vertices of the polyhedra not shared by neighboring Ta cations. Thus, the repulsion from nearest neighbor cations appears to direct the out-of-center displacement of Ta d 0 cations towards an edge of the polyhedron that is not shared by a neighboring Ta cation within the structure.
As a result of these out-of-center displacements, the rhombohedral β-Cu 2 Ta 4 O 11 structure transforms into the monoclinic α-Cu 2 Ta 4 O 11 structure. The TaO 7 pentagonal bipyramid layer distorts into a layer containing TaO 6 and TaO 7 polyhedra, where Ta3 and Ta1 maintain the TaO 7 pentagonal bipyramid coordination environment and Ta2 centers a highly-distorted TaO 6 octahedron. The monoclinic α-Cu 2 Ta 4 O 11 structure contains fewer edges that are shared as the Ta2-O2 interatomic distance lengthens to 2.55(3) Å, an increase of ~0.13 Å as compared to the rhombohedral β-Cu 2 Ta 4 O 11 structures, as shown in Figures 3 and 4 , respectively. The changes in all interatomic distances are listed in Table 2 . 
C. Thermal Decomposition of α-Cu
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